Feedstocks from lignocellulosic biomass (LCB) include crop residues and dedicated 15 perennial biomass crops, of which the latter are often considered superior in terms of 16 climate change mitigation potential. Uncertainty remains over their availability as 17 feedstocks for biomass provision and the net greenhouse gas emissions (GHG) during 18 crop production. Our objective was to assess the optimal land allocation to wheat and 19 Miscanthus in a specific case study located in England, in order to increase biomass 20 availability, improve the carbon balance (and reduce the consequent GHG emissions), 21 minimally constrain grain production losses from wheat. Using soil and climate variables 22 for a catchment in East England, biomass yields and direct soil nitrogen emissions were 23 simulated with validated process-based models. A 'Field to up-stream factory gate' Life 24 Cycle Assessment was conducted to estimate indirect management-related GHG 25 emissions. Results show that feedstock supply from wheat straw can be beneficially 26 supplemented with LCB from Miscanthus grown on selected low quality soils. In our 27 study, 8% of the less productive arable land area was dedicated to Miscanthus, increasing 28 total LCB provision by about 150%, with a 52% reduction in GHG emission per ton LCB 29 delivered and only a minor effect on wheat grain production (-3%). In conclusion, even 30 without considering the likely carbon sequestration in impoverished soils, agriculture 31 Accepted manuscript of article accepted for publication in Biofuels, Bioproducts and Biorefining 2 should embrace the opportunities of providing the bioeconomy with LCB from dedicated, 1 perennial crops. 2 3 4
. 17 Most research on biogeochemical impacts of Miscanthus are conducted on silt clay loam 18 soil [15] [16] [17] [18] [19] . However, it is less likely that those soils could be converted to Miscanthus 19 production, due to farmers' unwillingness to change, especially on soils where they 20 generally achieve good yields for conventional arable crops. Understanding the performance 21 of Miscanthus on a wider range of soil types, especially on sandy soils which have low cereal 22 yields but high nitrogen (N) losses 20 is important to identify the suitable locations for 23 Miscanthus production. Compared to wheat, higher yields of Miscanthus with lower N 24 Accepted manuscript of article accepted for publication in Biofuels, Bioproducts and Biorefining 4 inputs and losses per unit of production are likely to reduce Greenhouse Gas (GHG) 1 emissions of biomass production and lower its environmental footprint and costs. Tier 3 approach suggests the use of process-based biogeochemical models to achieve more 11 accurate site-specific estimates of the GHG flux from variable agricultural systems 22 . A 12 number of studies have integrated process-based model generated N2O emission results into 13 LCA 21,23,24 . However, most of this work has been carried out solely for conventional crops 14 (first generation biomass) 21, 23 . Very limited work can be found for simulating the pre-harvest 15 N2O emission for perennial energy crops such as Miscanthus based on process-based 16 models, due to the limited availability of such models developed for dedicated LCB crops 17 integrated into arable cropping systems. To address this gap, process-based models 18 STAMINA (Stability and Mitigation of Arable Systems in Hilly Landscapes) 25 and carbon-19 nitrogen (C, N) turnover model DNDC (i.e. DeNitrification-DeComposition) 26 were used 20 for Tier 3 approaches to estimate dry matter yields (DMYs) and the N emissions of winter 21 wheat and Miscanthus. 22 The overall objective of this paper is to estimate the impacts and benefits of moving from 23 an 'arable only' to a proposed 'mixed (arable and perennial)' feedstock provision scenario.
24
Accepted manuscript of article accepted for publication in Biofuels, Bioproducts and Biorefining 5 We assessed the potential of local LCB provisioning capacity, and the resulting GHG 1 emissions under different supply scenarios, whilst exploring the potential impacts arising 2 from integrating Miscanthus into a wheat production system in eastern England. supply due to lack of experimental data. They were up-scaled to the catchment to estimate 8 the LCB supply capacity and GHG balance of production in a rural area nearby the city of 9 Hull in England (max. 50 km as feedstock transport distance from farm to conversion plant; regions, major wheat production areas in England.
12
Firstly, crop growth parameters for both, the STAMINA and DNDC models were 13 calibrated based on literature and evaluated against observations on farms across England. 14 Three indicators, including coefficient of determination (R 2 ), root mean square error 15 (RMSE) and relative mean absolute bias error expressed as a percentage (MBE%) were 16 calculated to assess the goodness-of-fit between model simulated and measured yields of 17 both crops. Secondly, LCB availability, NO3leaching and N2O emissions were simulated 18 for both, 'arable only' and proposed 'mixed arable-perennial' feedstock supply scenarios.
19
For the latter, Miscanthus was assumed to replace wheat on selected low-quality soils, which 20 are coarse textured, less productive and have the highest NO3leaching/wheat grain 21 production ratio (kgN/t Grain) based on modelled results. These represent 8% of the total 22 catchment area. Thirdly, the GHG balance results were combined with a 'field to up-stream 23 factory gate' LCA to compare the global warming potential (GWP) associated with different 24 Accepted manuscript of article accepted for publication in Biofuels, Bioproducts and Biorefining 6 lignocellulosic feedstock supply scenarios. The STAMINA modelling system simulates micro-meteorology, hydrology, crop 4 development and growth, integrating spatial information on soil and topography for a range 5 of crops, including both arable crops (winter wheat, maize, potato, barley etc.) and perennial 6 crops (Miscanthus, willow, switchgrass etc.). The STAMINA-winter wheat model is 7 described in detail elsewhere 27 . In this work, the catchment region is represented as a matrix 8 of 1km 2 cells, within which all important variables of soil, climate, crop and crop 9 management are assumed to be homogeneous. STAMINA-winter wheat model had been 10 calibrated against winter wheat yields observed in Bedfordshire (England) 27 . Here, three sets 11 of UK weather, soil and on-farm measured yield data from an earlier study 28 (Table 1) were 12 used for model evaluation. DMYs were simulated with an acceptable accuracy ( Fig. 3 ), 13 RMSE of 1.36 t/ha and MBE% of 12%. The STAMINA-BeGRAS Model is a sink-source 14 interaction model based on the principles described in LINGRA for small grasses 29 and was 15 expanded for the allocation of biomass to belowground biomass (rhizomes and roots).
16
BeGRAS model was implemented in the STAMINA modelling system 30 Rothamsted 408 trial 31 are used for model evaluation. The RMSE between measured and 20 simulated yields is 1.58 t/ha and MBE % is 12% (Fig. 3 ). The BeGraS model simulated 21 Miscanthus DMYs at harvest (1 st to 3 rd March) after two establishment years, for 13 years 22 of harvest. The RMSE between measured and simulated yields was 1.58 t/ha and MBE% is 23 Accepted manuscript of article accepted for publication in Biofuels, Bioproducts and Biorefining 7 12% ( Fig. 3 ). 30-year average scenario yields (two 15-year growing cycles) were generated 1 for each soil type to be used in the overall assessment.
2
DNDC model was originally designed to simulate C and N biogeochemical cycles 3 occurring in agricultural systems at regional scales in the U.S. 32 and was further extended to 4 cover a wider range of countries and districts and other ecosystems 33, 34 . DNDC is capable The input data source and the target modelling outputs were listed in Table 2 . Key soil 8 information includes soil texture, SOC, bulk density, pH, soil available water capacity 9 (AWC) within rooting depth. STAMINA modelling framework requires information on air 10 temperature, precipitation, wind speed, solar radiation and atmospheric humidity. In this 11 work, three climate scenarios were examined, i.e. baseline, medium and high CO2 emissions.
12
Hourly data collected from High Mowthorpe weather station from 1961-1990 were used for 13 baseline simulation, assuming an atmospheric CO2 concentration of 352 mg litre -1 . Weather 14 data were generated for the medium and high emissions scenarios using UK Climate 15 Projections (UKCP09) 38, 39 . In the UKCP 09, CO2 emissions under the three IPCC SRES 16 scenarios A1FI, A1B1 and B1 are used and labelled High, Medium and Low according to 17 how different emissions pathways affect future climate. We used the projected CO2 18 concentrations for 2030 of 447 mg litre -1 for the Medium (A1B) and 449mg litre -1 for the 19 High (A1F1) Scenario as average CO2 concentrations for 2020-2050 timeframe 40 .
20
In the DNDC modelling, we applied an approach similar to that of Guo 21 who simulated 21 N and C dynamics using 5 years' of weather data (1986 to 1990) and an atmospheric CO2 22 concentration of 360 mg litre -1 . In addition to the weather data, DNDC also requires N 23 Accepted manuscript of article accepted for publication in Biofuels, Bioproducts and Biorefining 9 concentration in the rainfall, atmospheric NH3 concentration and fertiliser application 1 information. Rainfall N concentration were derived from the UK Eutrophying and 2 Acidifying Pollutant Network (UKEAP). The calculated 5 years mean rainfall NH4 + -N and 3 NO3 --N concentration at Thorganby station of 1.27mg litre -1 was applied in this study. Monitoring Network (Easingwold station) of 2.54 µgN/m 3 was applied in this study. N 6 fertiliser type is assumed to be ammonium nitrate. For winter wheat, the annual input values 7 range from 160kgN/ha to 220kgN/ha, depending on the soil series. This was calculated using 8 DEFRA's fertiliser manual (RB209) for each soil series, based on the information including 9 soil texture, soil total N level, precipitation, previous crop types and any particular crop 10 quality (feed or backing) requirements 41 . For Miscanthus, 60kgN/ha/year of ammonium 11 nitrate was assumed in the simulation.
12
For crop production management, the single feedstock production scenario (SP) assumes 13 winter wheat is grown on all the arable land across the whole catchment area (Table 3 ). The 14 mixed feedstock production scenario (MP) assumes that winter wheat is still the 15 predominating crop, while Miscanthus was cultivated only on selected low quality soils (8% 16 of total area), balancing N2O emissions, NO3losses, wheat grain production and LCB 17 feedstock provision.
18 Table 3 . 19 Straw availability was estimated based on the wheat grain production level, wheat planted 20 area, wheat grain harvest index, harvestable straw fraction, incorporation rate and 21 competition in demand of other uses. Due to the limited availability of data on current straw 22 production and use, we adopted a conservative estimation of winter wheat straw provision 23 potential for the case study area. Wheat grain harvest index (HI) is simulated by the 24 Accepted manuscript of article accepted for publication in Biofuels, Bioproducts and Biorefining 10 STAMINA-winter wheat model, resulting in a 30-year average value of 0.53 in these study 1 scenarios. We assume that 50% of all the leaves and stems produced over the entire wheat 2 growing season have been lost through decay by the time of harvest. The remaining 50% of 3 the residual biomass is harvested in the first two years, however, in the third year it is left 4 on the ground to maintain SOC content. The total harvestable straw tonnage is calculated 5 with Equation 1, where x is the modelled grain yield (in t/ha, 14.5% moisture) and 265,600 6 ha was estimated based on the assumption that due to rotation, 2/3 of the total 398,400 ha 7 arable land is used for winter wheat cultivation: under baseline, medium and high emission scenarios, respectively (Table 5 ). About 97% of 15 the current wheat straw currently has other uses 4,6,8 (Fig. 1) , which is 604kt per year. Under 16 the medium and high emission scenario, assuming the annual demands from other uses will 17 remain stable, then a total amount of 66 and 83 kt wheat straw could become available for 18 bioenergy or biomaterial production.
19 Table 5 . In the mixed feedstock production (MP) scenarios, Miscanthus was assumed to be 12 planted on all those soils with loamy fine sand texture. For those soils, simulated winter 13 wheat yields are much lower than on the other soils while the N leaching is substantially 14 higher than finer textured soils (Fig. 7) . On these soils, the Miscanthus produces about 12-15 13t/ha, compared to only 1.5 to 2.0 t/ha of winter wheat straw becoming available. The Miscanthus production ( and 545 kt total available LCB production, respectively ( Fig. 9 ). 1 About 11% of NO3leaching could be prevented when MPBC feedstock scenarios were 2 adopted ( The direct and indirect N2O emission results were included in the field to upstream 9 factory gate LCA for both SPBC and MPBC scenarios (Fig. 10) . When economic allocation 10 was applied, the LCA shows an impact of 0.20 kg CO2eq/kg delivered LCB for SPBC 11 scenario, and this figure decreases for 52% in MPBC system. A similar trend can be found 12 when CV allocation was used. However if RED allocation was considered, the GWP for 13 SPBC is only 0.020 kg CO2eq/kg and increases to 0.087 kg CO2eq/kg when MPBC was 14 adopted. This is due to that RED allocation approach requires all the emissions of wheat 15 cultivation to be attributed to grain production. It can also be noted that cultivation phrase 16 contributes to the biggest portion of GWP (from 77% to 94%) in all the scenarios except SP 17 when RED allocation is used. Furthermore, N2O emission accounts for 14% to 16% of total 18 emissions except for SPBC scenario under RED allocation.
19 Figure 10 . Due to the lack of information on current straw production and use, a conservative 10 estimate of winter wheat straw provision potential was adopted. It has been suggested that 11 straw which was used for animal bedding could be used locally for soil incorporation after 12 (serving as farmyard manure), allowing substantial reduction of the incorporated straw and 13 making more straw available for bio-energy or bio-material production. quality soils were to be converted to Miscanthus cultivation, available LCB supply is estimated to be 383kt/year for MPBC and 628kt/year for MPHE, which is sufficient to 1 support one to two commercial scale lignocellulosic biofuel or biomaterial plants, with 3% 2 reduction in regional wheat grain supply. according to the LCA results, due to the reduced fertiliser application, machinery use and 10 associated energy consumption.
11
When calculating GWP from agricultural residues, the choice of allocation method is 12 crucial in deciding the LCA results. In this work, when RED allocation is used, the results 13 were completely in contrary to those using economic allocation and CV allocation. It 14 suggests that the current allocation method in RED is too simplified to reflect the real GHG 15 dynamics reliably, especially when comparison with perennial crops is made.
16
Assessing the C stock impacts arising from the change in land use from wheat to 17 Miscanthus was outside the scope of this work. However, a few studies have shown C stock 18 increases for arable land converted to Miscanthus, in both above ground biomass and below 19 ground C pool 57-60 . Our recent analyses show that soil carbon enrichment under Miscanthus 20 can be marginal on soils rich in carbon 9 but considerable in low quality soils 61 . Thus, we 21 would expect to see a further reduction of GWP by moving from SPBC to MPBC as C stocks 22 would increase from land use change to perennial crops. GWP arising from land use change 23 will be assessed in an additional paper. increases by more than an order of magnitude with limited impact on wheat production. 
